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of rosiglitazone with or without ethanol in their diets for the last 2 wk of the feeding study. Coadministration of rosiglitazone and ethanol increased the expression and circulating levels of adiponectin and enhanced the expression of hepatic adiponectin receptors (AdipoRs) in mice. These increases correlated closely with the activation of a hepatic sirtuin 1 (SIRT1)-AMP-activated kinase (AMPK) signaling system. In concordance with stimulated SIRT1-AMPK signaling, rosiglitazone administration enhanced expression of fatty acid oxidation enzymes, normalized lipin 1 expression, and blocked elevated expression of genes encoding lipogenic enzymes which, in turn, led to increased fatty acid oxidation, reduced lipogenesis, and alleviation of steatosis in the livers of ethanol-fed mice. Enhanced hepatic adiponectin-SIRT1-AMPK signaling contributes, at least in part, to the protective action of rosiglitazone against alcoholic fatty liver in mice. lipid metabolism; signal transduction; transcriptional regulators; acetylation ALCOHOLIC FATTY LIVER DISEASE is one of the earliest and most common consequences of chronic and excess alcohol consumption and can lead to more severe forms of liver injury such as steatohepatitis, hepatic fibrosis, and cirrhosis in humans (27, 40) . Therefore, the development of effective therapeutic strategies for alcoholic fatty liver is vital. In recent years, several novel mechanisms involved in the development of alcoholic fatty liver have emerged, providing crucial therapeutic leads (27, 40) . Chronic ethanol administration in several animal models is associated with impairment of the hepatic sirtuin 1 (SIRT1)-AMP-activated kinase (AMPK) axis, a central signaling system controlling the pathways of lipid metabolism (2, 18, 38, 39) .
The activation of SIRT1-AMPK signaling in several metabolic tissues including liver has been found to increase rates of fatty acid oxidation and repress lipogenesis largely by modulating activity of PPAR-␥ coactivator-␣ (PGC-1␣)/PPAR␣ or SREBP-1 through deacetylation and phosphorylation, respectively (6, 7, 22, 32, 38) . Interestingly, the SIRT1-AMPK axis has emerged as a major signaling system in regulating adiponectin signaling and in the lipid lowering action of adiponectin (27, 40) .
Adiponectin is a 30-kDa protein primarily expressed and secreted from adipose tissue, and subsequently circulated in serum (27, 40) . Adiponectin is present in the serum as three oligomeric complexes: namely, high (HMW)-, middle-, and low-molecular-weight forms. Accumulating evidence has suggested that adiponectin exerts its biological activities in an oligomer-dependent manner. Two major adiponectin receptors (AdipoR1 and -R2) serve as transducers of adiponectinmediated signaling, leading to increased fatty acid oxidation and reduced fat accumulation in several organs including liver (27, 40) .
Considerable evidence has suggested a pivotal role for adiponectin in the development of alcoholic fatty liver (27, 40) . Dysregulation of adiponectin and hepatic AdipoR1/R2 expression can lead to accumulation of hepatic fat in several animal models of alcoholic liver steatosis (8, 9, 11, 31, 33, 35, 37) . Administration of recombinant adiponectin has been shown to ameliorate liver steatosis in mouse models of alcoholic-and nonalcoholic fatty liver disease (35) . In chronically ethanol-fed animals, induction of adiponectin or activation of AdipoR1/R2 through dietary or pharmacological supplements alleviated liver steatosis and injury (9, 11, 31, 37) . Although the precise cellular and molecular mechanisms whereby ethanol dysregulates the expression of adiponectin remain to be established, it has been suggested that peroxisome proliferator-activated receptor-␥ (PPAR-␥) may be involved (4, 27, 40) .
PPAR-␥ is a transcription factor known to be involved in the regulation of lipid metabolism and energy homeostasis and has been implicated in regulating adiponectin gene expression in adipose tissue (4, 40) . Activation of PPAR-␥ by a group of selective compounds known as thiazolidinediones (TZDs) has been shown to lead to increases in the transcription, translation, and secretion of adiponectin from adipose tissue, resulting in elevated serum levels of the protein, especially the HMW isoform. (4, 19) . Pioglitazone, one of the TZDs, has been shown to prevent alcohol-induced liver injury in rats. It is possible that induction of adiponectin by activation of PPAR-␥ may contribute to these hepatic protective effects (34) .
Several lines of evidence have shown that another TZD, rosiglitazone, improves steatosis and normalizes liver enzyme levels in patients with nonalcoholic fatty liver disease and in some rodent models (4) . The molecular mechanisms of such effects appear to involve upregulation of adiponectin in adipose tissue (4, 19) . However, the benefits of rosiglitazone for liver injury are controversial. One study has shown that rosiglitazone treatment dramatically increased liver steatosis in ob/ob mice partially through activation of hepatic PPAR-␥ (14) .
In this study, we examined the effects of rosiglitazone treatment on the development of alcoholic fatty liver in mice and explored the involvement of adiponectin-SIRT1-AMPK signaling in the action of rosiglitazone.
MATERIALS AND METHODS
Animal studies. The ethanol-feeding model used in this study has been previously described (2, 37) . Male C57BL/6J mice (6 to 8 wk old) were purchased from Jackson Laboratory (Bar Harbor, ME). Liquid diets were based on the Lieber-DeCarli formulation and provide 1 kcal/ml (Dyets, Bethlehem, PA) (11) . Mice were divided into six dietary groups to test the effects of two doses of rosiglitazone: 1) polyunsaturated fat pair-fed control diet (PUFA, 40% of calories from fat, primarily from corn oil); 2) PUFA diet plus 3 mg·kg body wt 
·day
Ϫ1 rosiglitazone (EϩR10). In the latter two groups, rosiglitazone (Cayman Chemical, Ann Arbor, MI) was added to the diets for the last 2 wk of the study. Ethanol was introduced gradually into the liquid diet. For mice on an ethanol-containing diet, animal cages were placed on heating pads to maintain body temperature, to compensate for potential, ethanol-induced hypothermia. After 4 wk of liquid diet feeding, the animals were euthanized, at which time blood, liver tissue, and adipose tissues were collected. The studies were approved by the Institutional Animal Care Use Committees of University of South Florida.
Pathology and biochemical assays. Liver sections were stained with hematoxylin and eosin as previously reported (2) . Liver triglyceride levels were measured as described previously (2, 37) . Liver tissues were deproteinized and the concentrations of lactate and pyruvate were determined by using commercial kits from BioVision (Mountain View, CA). Serum levels of alanine aminotransferase were determined by using a kit from Sigma-Aldrich (St. Louis, MO). Plasma ␤-hydroxybutyrate (␤-OHB) was measured by a ␤-Hydroxybutyrate LiquiColor procedure (SanBio Laboratory, Boerne, TX). Plasma triglyceride levels were determined with use of the Sigma Diagnostics Triglyceride and Infinity Cholesterol Reagent.
Measurement of serum total or HMW forms of adiponectin levels. Serum levels of total adiponectin were determined using a commercial ELISA kit from R&D Systems (Minneapolis, MN). Serum levels of HMW forms of adiponectin were measured with a kit from BioVendor (Candler, NC).
Total RNA isolation and qRT-PCR. Total RNA was prepared from mouse liver or adipose tissue using an RNAeasy Total RNA kit (Qiagen). The real-time quantitative polymerase chain reaction (qRT-PCR) was carried out as described (2) . The following primer sets were purchased from SuperArray Bioscience (Frederick, MD): SIRT1 (PPM05054A), glycerol-3-phosphate acyltransferase (GPAT1; PPM33295A), ACC␣ (PPM05109E), medium-chain acyl-CoA dehydrogenase (MCAD; PPM25604A), carnitine palmitoyltransferase 1a (CPT1a; PPM25930B), PGC-1␣ (PPM03360E), adiponectin (PPM05260A), AdipoR1 (PPM 35710A), AdipoR2 (PPM 38032E), TNF-␣ (PPM 03113E), PPAR-␥ (PPM 05108B), UCP2 (PPM03034B), and GAPDH (PPM02946E). The relative amount of target mRNA was calculated according to the comparative cycle threshold (C t) method by normalizing target mRNA Cts to those for GAPDH.
Western blot analysis. Immunoblot analyses were performed with cell extracts or frozen liver samples separated by electrophoresis in a SDS-polyacrylamide gel and transferred to nitrocellulose filters. SIRT1 and lipin 1 were visualized with antibodies from Santa Cruz. AMPK␣, phospho-AMPK␣, AMPK␤, phospho-AMPK␤, and phospho-ACC were visualized with antibodies (Cell Signaling Technology, Danvers, MA). Polyclonal rabbit anti-actin ␤ antibody (Sigma) was used to normalize the signal obtained for total liver protein extracts.
PGC-1␣ and FoxO1 acetylation assays. PGC-1␣ protein was immunoprecipitated from nuclear extracts isolated from fresh liver samples with an anti-PGC-1␣ antibody (Calbiochem, San Diego, CA). PGC-1␣ and acetylation levels were detected by use of specific antibodies for PGC-1␣ and acetyl lysine (Cell Signaling). Acetyl and total forkhead transcription factor O 1 (FoxO1) antibodies were from Santa Cruz.
Studies with rat H4IIEC3 hepatoma cells and small interfering RNA transfection. The small silencing RNAs for SIRT1 (SIRT1 shRNA) and AMPK␣ (AMPK␣ shRNA) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The Small Interfering RNA transfection assays using rat H4IIEC3 hepatoma cells were carried out as described (38) .
Data analysis. Data are presented as means Ϯ SE. All data were analyzed by two-way ANOVA followed by Tukey's multiple comparison procedure with P Ͻ 0.05 being considered significant.
RESULTS
Rosiglitazone attenuated alcoholic liver steatosis in mice and normalized serum levels of aminotransferases. Male C57BL/6J mice were fed modified Lieber-DeCarli liquid diet with a high-PUFA diet with ethanol (29% of the total calories) according to a pair-feeding protocol for 4 wk (39) . Four groups of mice were given a dose of either 3 mg·kg body wt Ϫ1 ·day
Ϫ1
(R3) or 10 mg·kg body wt Ϫ1 ·day Ϫ1 (R10) of rosiglitazone with or without ethanol in their diets for the last 2 wk of the feeding study. Ethanol intake for 4 wk had no apparent effect on the health status of the mice, and an average 3-g increase in the body weight was observed in all six groups at the end of the feeding period. Ethanol feeding did not cause a significant increase in the liver-to-body weight ratio. Rosiglitazone treatments for the last 2 wk did not significantly affect the average food intake, adiposity, or blood alcohol levels in mice (data not shown).
As shown in Fig. 1A , histopathological analysis revealed that chronic ethanol feeding caused accumulation of fat droplets including microvesicular and macrovesicular steatosis in mouse livers. When the ethanol-fed mice were coadministered rosiglitazone, liver histology showed attenuated accumulation of hepatic lipid droplets. Concordantly, ethanol feeding increased the liver triglyceride levels by approximately threefold compared with pair-fed control mice (Fig. 1B) . Treatment of ethanol-fed mice with rosiglitazone significantly reduced the hepatic triglyceride content to nearly the level of controls (Fig.  1B) . In addition, plasma alanine aminotransferase and aspartate aminotransferase, two indicators of liver damage, were significantly elevated in the ethanol-fed mice but were reduced to control levels by coadministration of rosiglitazone (Fig. 1, C  and D) . Collectively, the data demonstrate that rosiglitazone treatment attenuated alcoholic liver steatosis in mice.
Rosiglitazone upregulated adiponectin and normalized HMW form of adiponectin in ethanol-fed mice. Circulating adiponectin was significantly decreased ϳ15% by ethanol feeding compared with the pair-fed control mice ( Fig. 2A) . Although rosiglitazone treatment alone significantly increased serum adiponectin concentrations compared with controls, rosiglitazone supplementation to ethanol-fed mice also caused a significant increase in circulating adiponectin levels. Ethanol feeding also significantly reduced the amount of the HMW form in circulation (ϳ14%) (Fig. 2B) . The levels of HMW adiponectin were restored to control levels by rosiglitazone supplementation of the ethanol diet (Fig. 2B) .
We next examined adiponectin gene expression in mouse visceral adipose tissues. The mRNA expression of adiponectin was significantly suppressed by ethanol feeding and was restored by rosiglitazone treatment (Fig. 2C) . The gene expression levels of adiponectin were inversely associated with mRNA levels of TNF-␣ in adipose tissues in each group (Fig. 2C) .
Although adipose PPAR-␥ mRNA expression was not affected by ethanol feeding alone, ethanol in combination with rosiglitazone robustly increased mRNA levels of adipose PPAR-␥. This suggests that PPAR-␥ might be involved in the upregulation of adiponectin observed in adipocytes when rosiglitazone is supplemented to an ethanol-containing diet (Fig.  2C) . Furthermore, the mRNA levels of SIRT1 and uncoupling protein-2 (UCP2), two known regulators of adiponectin gene expression, were each significantly reduced by ethanol feeding and were maintained at control levels by rosiglitazone supplementation of the ethanol diet (Fig. 2C) .
Rosiglitazone increased the mRNA expression levels of adiponectin receptors in the livers of ethanol-fed mice. We examined the effect of rosiglitazone on AdipoR1 and AdipoR2 in the livers of ethanol fed-mice. As shown in Fig. 3A , ethanol feeding selectively reduced mRNA expression of hepatic AdipoR2 in mice. Rosiglitazone supplementation of ethanol diets roughly doubled the mRNA levels of AdipoR1 and AdipoR2 compared with controls whereas rosiglitazone treatment alone resulted in modest increases (Fig. 3A) . Moreover, as shown in Fig. 3 , B and C, not only did ethanol feeding significantly increase hepatic PPAR-␥ mRNA and protein levels, but so did rosiglitazone treatment, with or without ethanol.
Rosiglitazone administration stimulated hepatic SIRT1-AMPK signaling system in ethanol-fed mice. We determined whether the changes in adiponectin concentrations and hepatic AdipoR1/R2 resulted in altered SIRT1-AMPK signaling in the livers of ethanol-fed mice. As shown in Fig. 4 , A and B, ethanol feeding significantly reduced the mRNA and protein levels of hepatic SIRT1 compared with control animals. Rosiglitazone treatment alone did not affect SIRT1 expression levels. However, when ethanol-fed mice were given rosiglitazone, the mRNA and protein levels of SIRT1 were increased up to, or higher than, control levels (Fig. 4, A and B) .
Furthermore, in the livers of ethanol-fed mice, rosiglitazone abolished ethanol-induced hyperacetylation of PGC-1␣ and of FoxO1, two known targets of SIRT1, indicating that hepatic SIRT1 enzymatic activity was suppressed by ethanol feeding and restored by rosiglitazone treatment (Fig. 4, C and D) .
Concerning the levels and activity of hepatic AMPK, compared with the livers of control mice, livers from ethanol fed mice displayed decreases in both phosphorylated and total protein levels of AMPK␣ (Fig. 5) . In ethanol-fed mice, rosiglitazone supplementation blunted ethanol-mediated inhibition of both phosphorylated and total protein levels of AMPK␣ as well as phosphorylation of acetyl-CoA carboxylase (ACC), a known downstream target of AMPK (Fig. 5) . Fig. 3 . Rosiglitazone increased the mRNA expression levels of adiponectin receptors in the livers of ethanol-fed mice. Relative hepatic mRNA levels of adiponectin receptors AdipoR1 and AdipoR2 (A), relative hepatic mRNA (B), and nuclear protein (C) levels of PPAR-␥ of mice fed diets as described in Fig.  1 . All data are expressed as means Ϯ SD; n ϭ 6 -8 animals. Means without a common letter differ, P Ͻ 0.05. Fig. 2 . Rosiglitazone increased circulating adiponectin and normalized plasma high-molecular-weight (HMW) form of adiponectin in ethanol-fed mice. Circulating adiponectin concentrations (A), plasma HMW levels of adiponectin (B), and relative adipose mRNA levels of adiponectin, TNF-␣, peroxisomal proliferator-activated receptor-␥ (PPAR-␥), sirtuin 1 (SIRT1), and uncoupling protein-2 (UCP2) (C) of mice fed diets as described in Fig. 1 . All data are expressed as means Ϯ SD; n ϭ 6 -8 animals. Means without a common letter differ, P Ͻ 0.05.
We further examined whether levels of hepatic lactate and pyruvate, which represent the ratio of NAD ϩ and NADH concentrations, were altered by ethanol or rosiglitazone. Although hepatic lactate levels were significantly increased by ethanol feeding, coadministration of rosiglitazone decreased lactate levels by as much as 80% in ethanol-fed mice (Table 1) . Hepatic pyruvate levels were unchanged in all of the groups (data not shown).
Rosiglitazone restored PGC-1␣ and RXR␣ activity, and enhanced expression of genes involved in fatty acid oxidation in the livers of ethanol-fed mice. The SIRT1-AMPK axis stimulates hepatic PGC-1␣ signaling (40) . As shown in Fig. 6A , ethanol feeding did significantly suppress mRNA levels of PGC-1␣ and retinoid X receptor ␣ (RXR␣), two known coactivators of PPAR␣, which were restored to control levels by coadministration of rosiglitazone. However, neither ethanol nor rosiglitazone altered hepatic PPAR␣ gene or protein levels in mice (data not shown).
Accordingly, although mRNAs for mitochondrial MCAD and CPT1a were unchanged in the ethanol-fed group, rosiglitazone supplementation to ethanol-fed mice induced mRNAs of MCAD and CPT1a to levels higher than that in control or ethanol-fed mice (Fig. 6A) . These findings agree with a study showing that chronic ethanol feeding impaired DNA binding and transcriptional activity of PPAR␣ without affecting the level of PPAR␣ mRNA or protein in the livers of ethanol-fed mice (12) .
Rosiglitazone supplementation to ethanol-fed mice significantly increased the serum ␤-OHB levels by nearly fourfold compared with controls and over twofold compared with ethanol-fed mice, indicating that rosiglitazone treatment in combination with ethanol feeding was capable of inducing hepatic fatty acid oxidation (Table 1) .
Rosiglitazone blunted hyperacetylation of hepatic histone H3 at lysine 9 (Lys9) and attenuated increased expression of genes encoding lipogenic enzymes in ethanol-fed mice. Ethanol-mediated increase in histone H3-Lys 9 acetylation has been implicated in the transcriptional induction of several lipogenic enzymes (38) . Additionally, chromatin immunoprecipitation assays confirmed an increased association of acetylated histone H3-Lys9 with mitochondrial GPAT1 promoters in the livers of ethanol-fed mice compared with the pair-fed control mice (36) . As shown in Fig. 6B , the acetylation level of histone H3-Lys9 was enhanced by ethanol feeding compared with pair-fed control mice. In ethanol-fed mice, rosiglitazone treatment completely blocked the ethanol-induced acetylation of histone H3-Lys9 (Fig. 6B) . The histone H3 protein levels remained unchanged in all groups (Fig. 6B) .
Although ethanol feeding robustly increased the hepatic expression of the mRNAs encoding ACC␣ and GPAT1 in Fig. 4 . Rosiglitazone administration activated hepatic SIRT1 activity in ethanol-fed mice. Hepatic SIRT1 mRNA (A), SIRT1 protein levels (B), acetylation of PPAR-␥ coactivator-␣ (PGC-1␣) or forkhead transcription factor O 1 (FoxO1) (C), and relative PGC-1␣ or FoxO1 acetylation (D) of mice fed various diets as described in Fig. 1 . PGC-1␣ was immunoprecipitated from liver extracts then immunoblotted with an anti-acetylated lysine (Ac-Lys) antibody to determine the extent of PGC-1␣ acetylation. The acetylation levels of FoxO1 were determined by use of an anti-acetylated FoxO1 (Ac-FoxO1) antibody. All data are expressed as means Ϯ SD; n ϭ 6 -8 animals. Means without a common letter differ, P Ͻ 0.05. IP, Immunoprecipitated; IB, immunoblotted. mice, the rosiglitazone supplementation to ethanol-fed mice restored these gene products to control levels (Fig. 6C) . Interestingly, rosiglitazone treatment did not change the levels of the mRNA or active, nuclear form of sterol regulatory element binding protein 1 (SREBP-1) in the livers of ethanol-fed mice (data not shown). This could be due to rapid proteasomal degradation of nuclear SREBP-1 protein.
Rosiglitazone normalized lipin 1 expression levels in the livers and adipose tissues of ethanol-fed mice. Lipin 1 has
recently been identified as a key regulator of lipid metabolism (25) . As shown in Fig. 7A , although ethanol administration significantly increased the mRNA expression levels of hepatic lipin 1, rosiglitazone supplementation to ethanol-fed mice normalized hepatic lipin 1 gene expression to control levels. Conversely, lipin 1 mRNA expression levels were markedly reduced in visceral adipose tissue of mice receiving the ethanol diet compared with the pair-fed control mice, whereas coadministration of rosiglitazone and ethanol restored lipin 1 to control levels (Fig. 7A) .
Liver cytosolic lipin 1 protein levels were increased in ethanol-fed mice compared with control mice (Fig. 7B) . Low (R3)-and high (R10)-dose rosiglitazone supplementation to ethanol-fed mice normalized and reduced (respectively) hepatic lipin 1 protein expression (Fig. 7B) . Rosiglitazone treatment alone did not affect the lipin 1 levels (data not shown).
Adiponectin stimulated SIRT1-AMPK signaling in rat hepatoma cells. In terms of selecting an appropriate model system to study the molecular mechanisms occurring in liver, the rat hepatoma cell line H4IIEC3 expresses sufficient levels of SIRT1 and AMPK gene and protein (38, 39) . Also, these cells are able to metabolize ethanol through the activities of alcohol dehydrogenase and aldehyde dehydrogenase (38, 39) .
To determine whether the SIRT1-AMPK signaling system is the direct target of adiponectin's action, the effect of adiponectin on SIRT1 protein expression was tested by treating hepatoma H4IIEC3 cells with various concentrations of mouse, full-length, recombinant adiponectin (flAcrp) for 24 h. Treatment with flAcrp significantly increased SIRT1 protein levels with a maximal effect at 0.5 g/ml (Fig. 8A) . The increase of SIRT1 coincided with a significant increase in phosphorylated AMPK␣ (Fig. 8A) .
Although knocking down either AdipoR1 or AdipoR2 only partially blunted the adiponectin-induced SIRT1 protein increase, knocking down both AdipoR1 and AdipoR2 completely blocked the adiponectin-induced SIRT1 protein increase in H4IIEC3 cells (Fig. 8B) . Note that Western blot analysis confirmed the inhibition of both AdipoR1 and AdipoR2 expression by transfection with AdipoR1 shRNA and AdipoR2 shRNA, respectively, in H4IIEC3 cells (data not shown).
We further examined how SIRT1 and AMPK␣ regulate each other's activities in the presence of adiponectin. Knocking down AMPK␣ with AMPK␣ shRNA had negligible effect on adiponectin-induced increases of SIRT1 protein (Fig. 8C) . A: Western blots were performed by using antiphosphorylated-AMPK␣ (anti-p-AMPK␣), anti-AMPK␣, and anti-phosphorylated acetyl CoA carboxylase (p-ACC) antibodies from liver extracts of mice fed various diets as described in Fig. 1 . ␤-Actin protein band was used to confirm equal loading and to normalize the data. B: relative levels of p-AMPK␣, AMPK␣, and p-ACC. Western blots were quantified by a PhosphorImager and MultiAnalyst (Bio-Rad) software analysis. All data are expressed as means Ϯ SD; n ϭ 6 -8 animals. Means without a common letter differ, P Ͻ 0.05. Plasma triglycerides, mg/dl 78 Ϯ 13 Male C57/BL6J (6-8 wk-old) mice were divided into 6 groups as follows: 1) pair-fed control (Control); 2) control diet supplemented with rosiglitazone (3 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 ) (R3); 3) control diet supplemented with rosiglitazone (10 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 ) (R10); 4) ethanol-containing diet (29% of total calories); 5) ethanol-containing diet supplemented with rosiglitazone (3 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 ) (EϩR3); 6) ethanol-containing diet supplemented with rosiglitazone (10 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 ) (EϩR10). Rosiglitazone was added to the diet for the last 2 wk of the feeding study. The animals were euthanized after 4 wk. Results are expressed as means Ϯ SD of 6-8 mice. ␤-OHB, ␤-hydroxybutyrate. Means without a common letter differ, P Ͻ 0.05 Conversely, knocking down SIRT1 with SIRT1 shRNA significantly diminished adiponectin's ability to increase phosphorylated AMPK (p-AMPK) levels (Fig. 8D) . These data suggest that, in cultured hepatic cells, adiponectin may indirectly activate AMPK signaling by upregulating SIRT1. Note that transfection with either AMPK shRNA or SIRT1 shRNA in the absence of flAcrp had no discernable effects on SIRT1 or AMPK expression levels in H4IIEC3 cells (data not shown). Fig. 6 . Rosiglitazone induced expression of genes encoding fatty acid oxidation enzymes and blocked the expression of genes encoding lipogenic enzymes in ethanolfed mice. Relative mRNA levels of PGC-1␣, retinoid X receptor ␣ (RXR␣), and PPAR␣ signaling-regulated fatty acid oxidation enzymes (A), acetyl-histone H3-Lys9 (Ac-histone H3-Lys 9) and histone H3 levels (B), and relative mRNA levels of lipogenic enzymes (C) in the livers of mice fed various diets as described in Fig. 1 . ACC␣, acetyl-coenzyme A carboxylase ␣; MCAD, medium-chain acyl-CoA dehydrogenase; CPTI, carnitine palmitoyltransferase I. All data are expressed as means Ϯ SD; n ϭ 5-8 animals. Means without a common letter differ, P Ͻ 0.05. B: liver cytosolic lipin 1 protein levels of mice fed various diets as described in Fig. 1 . All data are expressed as means Ϯ SD; n ϭ 5-8 animals. Means without a common letter differ, P Ͻ 0.05.
The inhibition of SIRT1 and the phosphorylation of AMPK␣ by ethanol (63 mM) were largely reversed by the addition of flAcrp (Fig. 8E) .
DISCUSSION
In the present study, we have demonstrated that adiponectin signaling plays a role in the ability of rosiglitazone to attenuate alcoholic liver steatosis in mice (Fig. 9) . In chronically ethanolfed mice, circulating total adiponectin, HMW adiponectin and mRNA expression of hepatic AdipoR1/R2 were all significantly elevated by rosiglitazone coadministration. Correlatively, in the livers of ethanol-fed mice, rosiglitazone treatment stimulated SIRT1-AMPK signaling system, activated PPAR␣ signaling, suppressed histone H3-Lys9 hyperacetylation, increased rates of fatty acid oxidation, reduced lipid synthesis, and attenuated liver steatosis. More importantly, our study demonstrates, for the first time to our knowledge, that lipin 1, a vital lipid regulator, exhibits reciprocal patterns of gene expression in livers and adipose tissues of chronically ethanolfed mice and that rosiglitazone treatment to ethanol fed mice restores lipin 1 expression in both tissues.
Our present findings show that ethanol feeding caused only a modest decrease in circulating total or HMW adiponectin protein in mice. However, adiponectin transduces its signals through both AdipoR1 and -R2 in liver. The hepatic mRNA expression of AdipoR2 was selectively inhibited by chronic ethanol feeding in mice (2) . Therefore, it is likely that the combination of modest decreases in serum total or HMW adiponectin levels and downregulated hepatic AdipoR2 may lead to a substantial decrease in hepatic adiponectin signaling and impaired lipid metabolism in ethanol-fed mice. Conceivably, rosiglitazone treatment reverses abnormalities in hepatic lipid metabolism in ethanol-fed mice synergistically through upregulating both circulating total HMW adiponectin and hepatic adiponectin R1/R2.
PPAR-␥ is a major component of the system regulating adiponectin gene expression in adipocytes (4, 27, 40) . Our results show that the rosiglitazone-dependent upregulation of adiponectin gene expression in adipose tissues of ethanol-fed mice is partially mediated through upregulation of adipose PPAR-␥. Previous studies, as well as the present one, have consistently shown that chronic ethanol feeding does not alter adipose mRNA expression of PPAR-␥ in mice or micropigs (11) . However, PPAR-␥ transcriptional activity might be inhibited by ethanol (27) . Therefore, it is reasonable to speculate that ethanol may inhibit adiponectin gene expression in adipose tissue by somehow suppressing PPAR-␥ transcriptional activity, despite the fact that transcription of the PPAR-␥ gene itself is not affected. In addition to PPAR-␥, other factors such as TNF-␣, SIRT1, and UCP2 may also regulate ethanol-or rosiglitazone-mediated adiponectin expression in adipose tissue (3, 10, 27, 40, 23) .
Activation of hepatic PPAR-␥ is associated with hepatic lipid accumulation in both alcoholic and nonalcoholic fatty liver (2, 24) . Furthermore, rosiglitazone-mediated increases in liver steatosis in ob/ob mice were closely associated with increased hepatic PPAR-␥ protein expression (14) . Interestingly, our present study showed that treatment with ethanol and/or rosiglitazone significantly increases hepatic PPAR-␥ mRNA and protein levels in mice. This finding implies that hepatic PPAR-␥-mediated effects are probably not involved in the protective effect of rosiglitazone against alcoholic fatty liver in mice.
In addition to activation of hepatic adiponectin-SIRT1-AMPK signaling, other non-adiponectin-mediated mechanisms are likely involved in the protective effect of rosiglitazone against alcoholic fatty liver. For instance, pioglitazone has been shown to prevent alcoholic liver steatosis in rats through upregulation of c-Met signaling (34) . Also, in cultured muscle cells, where adiponectin is unlikely to be involved, rosiglitazone treatment leads to a marked increase in AMPK activity (13) . Moreover, our data show that rosiglitazone reduced hepatic lactate levels in ethanol-fed mice. Lactate downregulates SIRT1 (26) . These studies suggest that some of the beneficial effects of rosiglitazone may be mediated by its direct activation of hepatic AMPK and by an indirect upregulation of hepatic SIRT1 via suppression of hepatic lactate levels in ethanol-fed mice. Further studies addressing precise mechanisms of rosiglitazone action would be made possible through use of various animal models such as adipose-specific adiponectin knockout or hepatic-specific adiponectin receptors or SIRT1 null mice. We predict that the protective effects of rosiglitazone against alcoholic liver steatosis would be partially blunted in each of these knockout mouse models.
It is intriguing that ethanol feeding to mice had opposite effects on lipin 1 gene expression in livers and adipose tissues. In adipose tissue, lipin 1 is required for the induction of two important adipogenic genes, PPAR-␥ and CAAT enhancer binding protein ␣ (C/EBP␣) (21, 25) . Both PPAR-␥ and C/EBP␣ are major transcriptional regulators of adiponectin gene expression, and TZDs are able to induce lipin 1 expression in adipocytes (16, 20, 25) . Thus it is tempting to hypothesize that lipin 1-PPAR-␥ or lipin 1-C/EBP␣ signaling may be involved in rosiglitazone-mediated upregulation of adiponectin in adipocytes.
In liver, lipin 1 plays two distinct roles in the regulation of lipid metabolism (25) . It can act both as an Mg 2ϩ -dependent phosphatidate phosphatase type-1 (PAP1) and also as a transcriptional regulator. PAP1 catalyzes the conversion of phosphatidate to diacylglycerol, a direct precursor of triglycerides and phospholipids. Indeed, PAP1 activity was shown to be increased in the livers of human alcoholics and baboons, and activation of PAP1 by ethanol exposure was associated with the development of liver steatosis (5, 28, 30) . Therefore, it is likely that the increased hepatic lipin 1 mRNA and protein levels seen with ethanol feeding may largely contribute to enhanced liver PAP1 activity in ethanol-fed mice.
Studies have demonstrated the ability of adiponectin signaling to upregulate SIRT1 in cultured cell systems (29, 40) . More importantly, we have shown here that adiponectin-mediated upregulation of SIRT1 requires both AdipoR1 and AdipoR2, further support that SIRT1 is a downstream target of adiponectin signaling. The precise events triggered by adiponectin to alter SIRT1 protein levels remain unknown. Studies have demonstrated that adiponectin reduces NADPH-oxidase-dependent reactive oxygen species (ROS) production induced by stimulators such as LPS or ethanol in Kupffer cells (40) . ROS downregulate SIRT1 (1). It is possible that adiponectin-mediated increase in SIRT1 protein levels may be a consequence of such reductions in ROS. However, our results, in macrophages and in hepatoma cells, have shown that adiponectin increases SIRT1 protein levels in the absence of any stimulator of ROS, implying that ROS-independent mechanisms are likely to be involved.
There is accumulating evidence that SIRT1 and AMPK regulate each other's activity (6, 7, 15, 17, 32, 40) . Our present findings demonstrate that, in hepatoma cells, knocking down SIRT1 completely blunts the increased p-AMPK levels stimulated by adiponectin, whereas knocking down AMPK␣ does not negate the adiponectin-mediated increase in SIRT1. These results strongly suggest that the adiponectin-SIRT1 axis lies upstream of AMPK signaling (Fig. 9) .
In summary, our present study demonstrates that the protective action of rosiglitazone against alcoholic fatty liver in mice is mediated, at least in part, through stimulating an important hepatic signaling system, the adiponectin-SIRT1-AMPK axis. We suggest that nutritional or pharmacological modulation of adiponectin-SIRT1-AMPK signaling could be therapeutic for treating alcoholic fatty liver disease in patients.
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